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METHOD FOR CUTTING RARE EARTH ALLOY, 
METHOD FOR MANUFACTURING RARE EARTH MAGNET, 
AND WIRE-SAW MACHINE 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to a method for cutting a rare earth al- 
loy, a method for manufacturing a rare earth magnet, and a wire-saw machine. 
More particularly, the present invention relates to a method for cutting a rare 
earth alloy using a sawing-wire with abrasive grains fixed to a core wire, and a 
method for manufacturing a rare earth magnet and a wire-saw machine adopt- 
ing this cutting method. 

Description of Related Art 

[0002] Rare earth alloys have been used as strong magnet materials, for 
example. Rare earth magnets, obtained by magnetizing rare earth alloys, are 
suitably used as magnets for voice coil motors used for positioning a magnetic 
head of a magnetic recording apparatus, for example. 

[0003] Conventionally, for cutting ingots (including sintered bodies) of rare 
earth alloys, a technique of slicing an ingot with a rotary slicing blade, for exam- 
ple, has been adopted. This technique using a slicing blade, however, requires 
an undesirably large cutting margin because the cutting edge of the slicing 
blade is comparatively thick. This reduces the yield of the rare earth alloy ma- 
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terials and therefore raises the cost of rare earth alloy products (rare earth 
magnets, for example). 

[0004] A cutting method using a sawing wire is known as a method requiring a 
smaller cutting margin than the method using a slicing blade. For example, 
Japanese Laid-Open Patent Publication No. 11-198020 discloses that hard and 
brittle materials such as silicon, glass, neodymium, and ferrite can be cut using a 
sawing wire with abrasive super-fine grains fixed to the circumference of a high- 
O strength core wire via a bond layer (hereinafter, this type of wire is called an 
"abrasive grain-fixed wire"). 
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[0005] The manufacture cost of rare earth magnets will be widely reduced if 

•t&er 

an ingot of a rare earth alloy can be cut using an abrasive grain-fixed wire as 

Is* 

!-f 8 described above to produce a large number of plates having a predetermined 
% thickness simultaneously with a reduced cutting margin. However, no report 
has ever been made on success of cutting of a rare earth alloy using an abra- 
sive grain-fixed wire in a mass-production scale. 

[0006] The present inventors have examined the above matter in various as- 
pects and found that a main reason for the failure of cutting of a rare earth alloy 
using an abrasive grain-fixed wire in a mass-production scale is that the me- 
chanical properties of a rare earth alloy, in particular, a rare earth alloy produced 
by a sintering method (hereinafter, referred to as a "rare earth sintered alloy") are 
greatly different from those of silicon and the like. Specifically, a rare earth sin- 
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tered alloy, which is rather brittle as a whole and has a main phase (i.e., FkFe^B 
crystal grain) having a relatively high hardness and a grain boundary phase caus- 
ing ductile fracture, is hard to be cut, unlike the hard and brittle material such as 
silicon. In other words, a rare earth sintered alloy exhibits high cutting resistance 
and as a result generates a large amount of heat, compared with the material 
such as silicon. In addition, the specific gravity of a rare earth alloy is about 7.5, 
which is large compared with that of silicon and the like, indicating that saw dust 
(sludge) generated by the cutting are settled and not easily discharged from a cut 
% portion. 
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hj [0007] In view of the above, in order to cut a rare earth alloy efficiently with 
® high machining precision, it is necessary to sufficiently reduce the cutting resis- 
r tance and also efficiently release heat generated during the cutting, that is to say, 
UJ efficiently cool a cut portion. It is also necessary to efficiently discharge saw dust 
generated by the cutting. 

[0008] The cutting resistance can be reduced and heat generated during the 
cutting can be dissipated efficiently, by supplying a coolant (also called a "cutting 
fluid") excellent in lubricity to a cut portion of a rare earth alloy. According to the 
results of experiments conducted by the present inventors, by wetting a sawing 
wire with a sufficient amount of an oil-base coolant, the coolant can be sufficiently 
delivered to a narrow cut portion by the traveling wire (see US Patent Application 
No. 09/662, 1 36, for example). 



3 



[0009] However, use of an oil-base coolant has the following problems. It 
costs high to dispose of waste of the oil-base coolant to ensure not to cause envi- 
ronmental disruption. Also, it is difficult to separate saw dust (i.e., magnetic 
particles) from the waste and thus difficult to reuse the waste and the saw dust. 
In consideration of these, it appears suitable to use water (or a water-soluble 
liquid) as the coolant. However, since water is low in viscosity (1.0 mm 2 /s), a 
sufficient amount of water is not allowed to adhere to a traveling wire, and 
,-«t therefore it is not possible to deliver a sufficient amount of water to a cut portion 
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ip even when the wire is wet with water. 

W [0010] Japanese Laid-Open Patent Publication No. 11-198020 discloses that 
a coolant is allowed to adhere to an abrasive grain-fixed wire without fail even 

!* when the wire is traveling at high speed (for example, 2000 m/min) by making the 
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jijj wire travel in the coolant overflowing a coolant reservoir. However, according to 
experiments conducted by the present inventors, when a rare earth alloy is cut 
with a sawing wire that is traveling in overflowing water (as disclosed in Japanese 
Laid-Open Patent Publication No. 11-198020, for example), there arise problems 
that abrasive grains drop off and, in an extreme case, the wire snaps. These 
problems occurred even when the wire travel speed was as low as about 800 
m/min, for example. This is probably because a sufficient amount of water was 
not delivered to a cut portion even by adopting the above method. 

[0011] From another examination by the present inventors, it has been found 
that when a coolant containing water as the main component is used, abrasive 
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grains tend to drop off the wire due to contact friction between adjacent windings 
of the wire on a reel bobbin around which the wire is wound (this phenomenon is 
sometimes called shedding or detachment). 

[0012] The reason is found as follows. The coolant containing water as the 
main component is low in adhesion to the wire so as to be easily shaken off and 
also easily evaporates, compared with an oil-base coolant. Therefore, only a 
small amount of coolant, or virtually no coolant, is kept adhering to the wire when 
"3 the wire is wound around the reel bobbin. With lack of a sufficient amount of 
"% coolant, it is unable to reduce heat generation, as well as mechanical friction 

'lbs 

ifi force, due to friction between adjacent wire windings. In other words, it is pre- 

® sumed that although the coolant is supplied to the wire at the cut portion, the 

[* coolant on the wire is flung off during the travel of the wire before the wire is 

Ljj wound around the reel bobbin. 

I t 

[0013] The inter-wire friction mechanically damages abrasive grains, even 
though it does not cause shedding of abrasive grains, resulting in reducing cutting 
precision and cutting efficiency. In a worse case, the bond layer may be peeled 
off together with the abrasive grains fixed thereto. In other words, when a coolant 
containing water as the main component is used, the life of the wire is shortened 
due to the inter-wire friction on the reel bobbin. Since an abrasive grain-fixed 
wire is comparatively expensive, it is desirable to make the life of the wire longer 
for at least reduction of the cost for the cutting. 
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[0014] It has also been found that the wire snaps with high frequency when a 



coolant containing water as the main component is used, compared with the case 



of using an oil-base coolant. This also shortens the life of the wire. 



SUMMARY OF THE INVENTION 



[0015] An object of the present invention is to provide a method for cutting a 



rare earth alloy with an abrasive grain-fixed wire, permitting use of a coolant 



containing water as the main component. Another object of the present inven- 



rji tion is to make longer the life of a sawing wire of a wire-saw machine used for 

i.r? 

0 cutting a rare earth alloy using a coolant containing water as the main compo- 

Zl nent. Yet another object of the present invention is to provide a wire-saw ma- 

fg chine suitably usable for a cutting method as described above. Still another 



M= object of the present invention is to provide a method for manufacturing a rare 
earth magnet adopting the method for cutting a rare earth alloy described 
fl above, as well as a voice coil motor including a rare earth magnet manufac- 



tured by this method. 



[0016] The method for cutting a rare earth alloy according to the first aspect 



of the present invention is a method for cutting a rare earth alloy using a wire 



with abrasive grains fixed to a core wire, including the step of cutting the rare 



earth alloy with the wire traveling in a state that a portion of the rare earth alloy 



to be cut with the wire is immersed in a coolant containing water as the main 



component, the coolant having a surface tension at 25°C in a range of 25 



mN/m to 60 mN/m. 
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[0017] The coolant preferably contains a water-soluble synthetic lubricant 
and water in a weight 10 times to 50 times as large as the weight of the syn- 
thetic lubricant. 

[0018] The coolant may contain a surfactant and water in a weight 10 times 
to 50 times as large as the weight of the surfactant. 

[0019] The coolant may contain an antifoaming agent. 

[0020] The coolant preferably has a pH of 8 to 11, more preferably 9 or 
more. 

[0021] The coolant may contain an anticorrosive. 

[0022] In a preferred embodiment, the abrasive grains are fixed via a resin 
layer formed on the outer circumference of the core wire. 

[0023] In another preferred embodiment, the average distance between the 
adjacent abrasive grains in a direction of travel of the wire is in a range of 
150% to 600% of the average particle size of the abrasive grains, and the av- 
erage height of portions of the abrasive grains protruding from the surface of 
the resin layer is in the range of 10 u m to 40 u m. 

[0024] The average particle size D of the abrasive grains preferably satisfies 
the relationship 20 u 60 u m. 

[0025] Preferably, in the step of cutting, the portion of the rare earth alloy to 



be cut with the wire is immersed in the coolant contained in a reservoir, and the 
coolant is supplied into the reservoir from the bottom of the reservoir and also 
from an opening of the reservoir, so that the coolant is kept overflowing from 
the opening. 

[0026] The amount of overflow of the coolant per minute is preferably 50% 
or more of the volume of the reservoir. 

[0027] In the step of cutting, the amount of the coolant supplied into the res- 
ervoir from the opening is preferably greater than the amount of the coolant 
supplied from the bottom. 

[0028] Preferably, in the step of cutting, curtain-like flows of a gas or the 
coolant are formed above the sides of the opening of the reservoir crossing the 
wire travel direction, so that the coolant is suppressed from overflowing from 
the opening of the reservoir. 

[0029] Preferably, the wire is driven by a roller, the roller includes a polymer 
layer having a guide groove formed therein, the guide groove has a pair of 
slopes at least one of which has an angle of 50 degrees or more with respect to 
the surface of the roller, and the wire travels along a space between the pair of 
slopes. 

[0030] The rare earth alloy may be a R-Fe-B rare earth sintered alloy, and it 
may be a Nd-Fe-B rare earth sintered alloy. 
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[0031] The method for manufacturing a rare earth magnet according to the 
first aspect of the present invention includes the steps of: producing a rare 
earth magnet sintered body from rare earth alloy powder; and dividing the sin- 
tered body into a plurality of rare earth magnets by any of the methods for cut- 
ting a rare earth alloy according to the first aspect of the present invention 
described above. 

[0032] The voice coil motor according to the first aspect of the present in- 
vention includes a rare earth magnet manufactured by the method for manufac- 
turing a rare earth magnet according to the first aspect described above. The 
thickness of the rare earth magnet may be in a range of 0.5 mm to 3.0 mm. 

[0033] The method for cutting a rare earth alloy according to the second as- 
pect of the present invention is a method for cutting a rare earth alloy using a 
wire with abrasive grains fixed to a core wire, including the steps of: allowing 
the wire wound around a reel bobbin to travel between a plurality of rollers; 
supplying a first coolant containing water as the main component to portions of 
the wire wound around the reel bobbin or portions of the wire traveling near the 
reel bobbin; and cutting the rare earth alloy with the traveling wire while a sec- 
ond coolant containing water as the main component is supplied to a portion of 
the rare earth alloy to be cut with the wire. 

[0034] The first coolant preferably has a coefficient of dynamic friction 
against the rare earth alloy at 25°C of 0.3 or less. 



[0035] The second coolant preferably has a coefficient of dynamic friction 
against the rare earth alloy at 25°C in a range of 0.1 to 0.3. 

[0036] The first coolant is preferably supplied to the wire by spraying. 

[0037] In a preferred embodiment, the abrasive grains are fixed via a resin 
layer formed on the outer circumference of the core wire. 

[0038] The resin is preferably a phenol resin, an epoxy resin, or a polyimide 
resin. 

[0039] In a preferred embodiment, the average distance between the adja- 
cent abrasive grains in a direction of travel of the wire is in a range of 150% to 
600% of the average particle size of the abrasive grains, and the average 
height of portions of the abrasive grains protruding from the surface of the resin 
layer is in a range of 10 u m to 40 u m. 

[0040] The first coolant may be higher in viscosity than the second coolant. 

[0041] The first coolant and the second coolant preferably have a tempera- 
ture in a range of 1 5°C to 35°C. 

[0042] Preferably, each of the plurality of rollers includes a polymer layer 
having a guide groove formed therein, the guide groove has a pair of slopes at 
least one of which has an angle of 50 degrees or more with respect to the sur- 
face of the roller, and the wire travels along a space between the pair of slopes. 



10 



[0043] The rare earth alloy may be a R-Fe-B rare earth sintered alloy, and it 
may be a Nd-Fe-B rare earth sintered alloy. 

[0044] The method for manufacturing a rare earth magnet according to the 
second aspect of the present invention includes the steps of: producing a rare 
earth magnet sintered body from rare earth alloy powder; and dividing the sin- 
tered body into a plurality of rare earth magnets by any of the methods for cut- 
ting a rare earth alloy according to the second aspect of the present invention 
described above. 

[0045] The voice coil motor according to the second aspect of the present 
invention includes a rare earth magnet manufactured by the method for manu- 
facturing a rare earth magnet according to the second aspect described above. 
The thickness of the rare earth magnet may be in a range of 0.5 mm to 3.0 
mm. 

[0046] The wire-saw machine according to the second aspect of the present 
invention includes: a wire with abrasive grains fixed to a core wire; a reel bob- 
bin around which the wire is wound; a plurality of rollers for unwinding the wire 
wound around the reel bobbin to allow the wire to travel; a device for supplying 
a first coolant to a portion of a cut object to be cut with the wire; and a device 
for supplying a second coolant to portions of the wire wound around the reel 
bobbin or portions of the wire traveling near the reel bobbin. 

[0047] The device for supplying the second coolant preferably includes a 
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sprayer. 

[0048] Preferably, each of the plurality of rollers includes a polymer layer 
having a guide groove formed therein, the guide groove has a pair of slopes at 
least one of which has an angle of 50 degrees or more with respect to the sur- 
face of the roller, and the wire travels along a space between the pair of slopes. 

[0049] Another wire-saw machine according to the present invention in- 
cludes: a wire with abrasive grains fixed to a core wire; a reel bobbin around 
which the wire is wound; a plurality of rollers for unwinding the wire wound 
around the reel bobbin to allow the wire to travel; and a device for supplying a 
coolant to a portion of a cut object to be cut with the wire, wherein each of the 
plurality of rollers includes a polymer layer having a guide groove formed 
therein, the guide groove has a pair of slopes at least one of which has an an- 
gle of 50 degrees or more with respect to the surface of the roller, and the wire 
travels along a space between the pair of slopes. 

[0050] The tension of the wire traveling between the plurality of rollers is 
preferably in a range between 25 N and 35 N. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0051] FIG. 1 is a diagrammatic view of a wire-saw machine 100 suitably 
used for implementing the method for cutting a rare earth alloy of an embodi- 
ment of the present invention. 

[0052] FIG. 2 is a diagrammatic view of a cutting section and its surrounds 
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of the wire-saw machine 100 of FIG. 1 . 

[0053] FIG. 3 is a diagrammatic cross-sectional view of a sawing wire 20 
suitably used for implementing the method for cutting a rare earth alloy of the 
embodiment of the present invention. 

[0054] FIG. 4 is a diagrammatic view of a wire-saw machine 200 suitably 
used for implementing the method for cutting a rare earth alloy of another em- 
bodiment of the present invention. 

[0055] FIG. 5 is a diagrammatic view of a structure for supplying a coolant to 
a sawing wire 20 wound around a reel bobbin 40a, 40b of the wire-saw ma- 
chine 200. 

[0056] FIG. 6 is a diagrammatic cross-sectional view of a roller suitably used 
for the wire-saw machines 100 and 200. 

[0057] FIG. 7 is a diagrammatic cross-sectional view of a conventional roller. 

DETAILED DESCRIPTION OF THE INVENTION 
[0058] Hereinafter, the method for cutting a rare earth alloy and the method 
for manufacturing a rare earth magnet according to the first aspect of the pre- 
sent invention will be described. 

[0059] The cutting method according to the first aspect is a method for cut- 
ting a rare earth alloy using a wire with abrasive grains (typically, diamond 
abrasive grains) fixed to a core wire (typically, a piano wire). The cutting 
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method includes a process step of cutting a rare earth alloy with the wire travel- 
ing in the state that the portion of the rare earth alloy to be cut with the wire is 
immersed in a water-soluble coolant having a surface tension at 25°C in the 
range of 25 mN/m to 60 mN/m. A coolant of which the coefficient of dynamic 
friction against a rare earth alloy at 25°C is 0.1 to 0.3 may also be used. 

[0060] In the method for cutting a rare earth alloy according to the first as- 
pect of the present invention, in which cutting of a rare earth alloy with the 
abrasive grain-fixed wire is performed in the state that the cut portion of the 
rare earth alloy is immersed in a coolant having a surface tension in the range 
of about 25 mN/m to about 60 mN/m (about 25 dyn/cm to about 60 dyn/cm) at 
25°C, efficient cooling of the wire is possible. This is presumably because the 
coolant having a surface tension falling within the above range is excellent in 
wettability (or conformability) for the rare earth alloy and/or the wire, compared 
with water, and therefore, the coolant infiltrates (i.e., penetrates) into the cut 
portion with good efficiency. The cut portion is the portion of the rare earth al- 
loy coming into contact with the wire and cut with the wire. This portion is also 
called a cut groove. Also, naturally, the coolant containing water as the main 
component exhibits high cooling efficiency because it is high in specific heat 
compared with an oil-base coolant (for example, mineral oil). The "coolant con- 
taining water as the main component" as used herein refers to a coolant in 
which water occupies 70 wt.% or more of the entire liquid. 

[0061] A suitable coolant for use in the method for cutting a rare earth alloy 
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of the present invention may also be determined by the coefficient of dynamic 
friction against the rare earth alloy. A coolant having a coefficient of dynamic 
friction at 25°C in the range of about 0.1 to about 0.3 exhibits the function/effect 
equivalent to those exhibited by the coolant having a surface tension within the 
range specified above. The coefficient of dynamic friction is considered as an 
indicator of lubricity provided by the coolant for the cut portion, while the sur- 
face tension is considered as an indicator of infiltration of the coolant into the 
cut portion. It is known that there is a qualitative correlation between the sur- 
face tension and the coefficient of dynamic friction. 

[0062] The surface tension of the coolant is measured with a known de 
Nouy tensiometer. The coefficient of dynamic friction of the coolant against a 
rare earth alloy is measured with a Masuda-type "four-ball friction tester" often 
used in Japan as a basic tester. Herein, in both cases (i.e., the surface tension 
and the coefficient of dynamic friction), measured values at 25°C are adopted 
as values characterizing the coolant. 

[0063] Note that the coefficient of dynamic friction specified in the embodi- 
ments to follow is a value measured with a four-ball friction tester using iron 
balls. A R-Fe-B rare earth alloy (R is an element selected from the rare earth 
elements and Y; an example of the R-Fe-B rare earth alloy is an alloy contain- 
ing Nd2Fei4B intermetallic compound as the main phase) used in the embodi- 
ments contains iron in the largest amount among the constituent elements. 
Therefore, the coefficient of dynamic friction of the coolant measured with the 
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tester using iron balls can be a value very close to and thus adopted as the co- 
efficient of dynamic friction of the coolant against the rare earth alloy. This 
close relationship was confirmed experimentally. The compositions and prepa- 
ration methods of rare earth alloys suitably used for rare earth magnets are de- 
scribed in U.S. Patent Nos. 4,770,723 and 4,792,368, for example. The 
contents of U.S. Patent Nos. 4,770,723 and 4,792,368 are incorporated herein 
by reference. In the typical composition of R-Fe-B rare earth alloy, Nd or Pr is 
mainly used as R, Fe may be partially replaced by a transition element (e.g., 
Co), and B may be replaced by C. 

[0064] Although the coolant usable for the cutting method of the present in- 
vention was specified by the surface tension or the coefficient of dynamic fric- 
tion measured at 25°C, the temperature of the coolant when actually used is 
not limited to 25°C. To obtain the effect of the present invention, however, it is 
preferable to use the coolant temperature-controlled to fall within the range of 
15°C to 35°C, more preferably within the range of 20°C to 30°C, further more 
preferably within the range of 20°C to 25°C. As is well known, the surface ten- 
sion and coefficient of dynamic friction of a coolant depend on the temperature. 
Therefore, if the temperature of the coolant is excessively out of the above 
temperature range, the coolant will exhibit a state considerably resembling the 
state observed when the surface tension and dynamic friction of the coolant fall 
outside the respective ranges described above. This deteriorates cooling or 
cutting efficiency. 
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[0065] By using the coolant described above, abnormal temperature rise of 
the wire is suppressed, and this suppresses/prevents abnormal shedding of 
abrasive grains and snapping of the wire (i.e., wire breakage). As a result, 
degradation in machining precision is prevented, and also the life of the wire 
can be made longer than conventionally allowed. This enables reduction in 
manufacturing cost. 

[0066] The coolant described above is prepared by adding a surfactant and 
a synthetic lubricant to water. The surface tension and the coefficient of dy- 
namic friction can adjusted to predetermined values by appropriately selecting 
the types and added amounts of these additives. Since the coolant containing 
water as the main component is comparatively low in viscosity, saw dust of the 
rare earth alloy can be easily separated from sludge generated during the cut- 
ting, by use of a magnet, and thus the coolant can be reused. In addition, the 
problem of environmental disruption due to disposal of a coolant is prevented. 
Moreover, since the amount of carbon contained in the sludge is small, a mag- 
net that will be produced using saw dust separated from the sludge as a raw 
material can exhibit improved magnetic properties. 

[0067] When the wire travels at high speed during the cutting, the coolant 
may foam in some cases, causing reduction in cooling efficiency. This reduc- 
tion in cooling efficiency due to foaming of the coolant can be suppressed by 
using a coolant containing an antifoaming agent. Corrosion of the rare earth 
alloy can be suppressed by using a coolant having a pH in the range of 8 to 11. 
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The pH of the coolant is more preferably 9 or more. Oxidation of the rare earth 
alloy can be suppressed by using a coolant containing an anticorrosive. These 
additives may be appropriately adjusted in consideration of the type of the rare 
earth alloy, the cutting conditions, and the like. 

[0068] As the sawing wire, a wire with diamond abrasive grains fixed thereto 
with a resin is suitably used. More specifically, diamond abrasive grains are 
fixed to the outer circumference of a core wire (typically, a piano wire) with a 
i;3 resin. As the resin, phenol resins, epoxy resins, and polyimide resins are pref- 

erably used. These resins are high in adhesion strength to the outer circum- 
uj ference of a piano wire (hard steel wire), and also excellent in wettability 
CP (infiltration) for the coolant as will be described later. This type of wire is inex- 
j'* pensive compared with a wire produced by electrodeposition (electro-plating), 
y and thus the cost required for the cutting of the rare earth alloy can be reduced. 
The core wire is not limited to a piano wire, but may be made of an alloy such 
as Ni-Cr and Fe-Ni, a metal having a high melting point, such as W and Mo, or a 
bundle of high-strength fibers such as nylon fibers. The material for the abrasive 
grains is not limited to diamond, but may be SiC, B, C, CBN (cubic boron nitride), 
or the like. 

[0069] To ensure the advantage that the cutting margin is small, the outer 
diameter of the sawing wire is preferably 0.3 mm or less, more preferably 0.25 
mm or less. The lower limit of the outer diameter of the wire is determined in 
consideration that a sufficient strength is secured, and to ensure that abrasive 
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grains having a predetermined size are fixed to the core wire with sufficient 
strength, the diameter of the core wire is preferably about 0.12 mm to about 
0.20 mm, more preferably about 0.15 mm to about 0.2 mm. The average parti- 
cle size D of abrasive grains preferably satisfies 20 u 60 u m, more 
preferably 30 u 60 u m, particularly preferably 40 u 60 u m, 
from the standpoint of cutting efficiency. From the standpoint of cutting effi- 
ciency and discharge efficiency of saw dust (sludge), the average distance be- 
tween adjacent abrasive grains is preferably in the range of 150% to 600% of 
the average particle size D of abrasive grains, and the average height of the 
portions of the abrasive grains protruding from the surface of the resin layer is 
preferably in the range of 10 u m to 40 p m, more preferably in the range of 15 
p m to 40 u m. The wire described above is available from general wire manu- 
facturers (for example, Allied Material Corp.) by specifying the above conditions. 

[0070] By using the wire described above, good cutting efficiency is attained 
and the discharge efficiency of saw dust (i.e., sludge) improves. This enables 
cutting at a comparatively high travel speed (for example, 1000 m/min). More- 
over, since the wire is cooled efficiently with the coolant described above, the 
cutting of the rare earth alloy can be performed with high machining precision 
stably over a long period of time. By using the coolant containing water as the 
main component, the wire travel speed can be set higher by 20 to 30% (for ex- 
ample, at 1 100 m/min to 1200 m/min) than that in the case of using an oil-base 
coolant, to optimize the cutting efficiency. 
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[0071] The coolant containing water as the main component used in the cut- 
ting method of the present invention is low in viscosity (kinematic viscosity: 
about 1 mm 2 /s), and therefore low in discharge efficiency of saw dust, com- 
pared with an oil-base coolant (kinematic viscosity: generally 5 mm 2 /s or more). 
To increase the discharge efficiency of saw dust, during the cutting process, 
the cut portion is preferably kept immersed in the coolant filled in a reservoir. 
Also, the coolant is preferably supplied from the top opening of the reservoir, in 
addition to being supplied from the bottom thereof, so that the coolant is kept 
overflowing from the opening of the reservoir. 

[0072] Saw dust discharged into the low-viscosity coolant easily settle down, 
hardly floating in the surface portion of the coolant near the opening of the res- 
ervoir. In order to cut the rare earth alloy while the cut portion thereof is kept 
immersed in the coolant, the wire is placed so that it travels in the surface por- 
tion of the coolant near the opening of the reservoir. Therefore, the amount of 
saw dust is small in the portion of the coolant in which the wire travels, and 
thus the coolant supplied to the cut portion contains only a small amount of saw 
dust. In particular, since the coolant is supplied from the top opening of the 
reservoir to keep the coolant overflowing from the opening, it is ensured that 
the amount of saw dust in the coolant supplied to the cut portion is small. In 
addition, saw dust attaching to the wire can be automatically washed away by 
the flow of the coolant supplied from the opening of the reservoir. The amount 
of the coolant overflowing for one minute is preferably 50% or more of the vol- 
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ume of the reservoir. The amount of the coolant supplied from the opening is 
preferably greater than the amount of the coolant supplied from the bottom of 
the reservoir. 

[0073] Curtain-like flows of the coolant (or gas flow) may be formed above 
the sides of the opening of the reservoir crossing the wire travel direction, so 
that the coolant is suppressed from overflowing from the opening of the reser- 
voir and thus the liquid level of the overflowing coolant is raised beyond the 
wall of the reservoir. This results in a larger amount of coolant being supplied 
to the surroundings of the cut portion and thus enables further reduction of the 
amount of saw dust in the coolant. The delivery pressure of the coolant re- 
quired to generate the flow of the coolant is preferably in the range of 0.2 MPa 
(2 kgf/cm 2 ) to 1.0 MPa (10 kgf/cm 2 ), more preferably in the range of 0.4 MPa (4 
kgf/cm 2 ) to 0.6 MPa (6 kgf/cm 2 ). If the delivery pressure is lower than the 
above range, the effect may not be satisfactory, and if it exceeds the above 
range, the wire may bend resulting in degradation in machining precision. 

[0074] Preferably, the coolant is also supplied to a pair of main rollers placed 
on both sides of the reservoir for regulating the wire travel position, among 
main rollers provided for the travel of the wire. With this supply of the coolant 
to these main rollers, a polymer layer (for example, an organic polymer layer 
such as a polyurethane rubber layer) having grooves for guiding the wire, 
formed on the surface of each of the main rollers, is prevented from tempera- 
ture rise. In addition, saw dust (or sludge) attaching to or staying on the wire or 



21 



the guide grooves can be washed away. This prevents the wire travel position 
from deviating and the wire from slipping off the groove. 

[0075] The coolant can be reused (used in a circulating system, for exam- 
ple) by collecting the dirty liquid composed of the coolant and sludge including 
saw dust of the rare earth alloy, generated during the cutting process, and 
separating the saw dust of the rare earth alloy from the sludge with a magnet. 
Since the coolant containing water as the main component is low in viscosity as 
described above, the saw dust can be easily separated. By separating the saw 
dust of the rare earth alloy, also, the waste coolant can be easily disposed of 
without entailing damage to the environment. Moreover, since the amount of 
carbon, which is not easily separated from a R-Fe-B alloy (R is selected from 
the rare earth elements and Y), is small as described above, the saw dust can 
be remelted and recycled as a raw material for the rare earth alloy. That is, 
since the coolant contains water as the main component, it is easy to reduce 
the carbon content of a rare earth alloy that will be produced by recycling the 
saw dust. Thus, a raw material usable as a material for rare earth magnets can 
be obtained. For separation of saw dust from sludge, the method disclosed in 
US Patent Application No. 09/662,136 by the applicant of the present invention, 
for example, may be used. 

[0076] The cutting method of the present invention is suitably applicable to 
cutting of a hard-to-cut rare earth sintered alloy, in particular, cutting of a R-Fe- 
B rare earth sintered alloy. Cut pieces into which the rare earth alloy is cut by 
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the cutting method of the present invention are surface-treated and magnetized 
to provide rare earth magnets. The magnetization process may be performed 
before or after the cutting process. A rare earth magnet produced from a R-Fe- 
B rare earth sintered alloy is suitably used as a material for a voice coil motor 
used for positioning a magnetic head. In particular, the cutting method of the 
present invention is suitably used for cutting of the R-Fe-B rare earth sintered 
magnets (alloys) disclosed in U.S. Patent Nos. 4,770,723 and 4,792,368 as- 
signed to the assignee of the present application. Among these, the cutting 
method of the present invention is suitably applied to cutting and manufacture 
of a rare earth sintered magnet (alloy) essentially composed of neodymium 
(Nd), iron (Fe), and boron (B) as main components, and having a hard phase 
(main phase) formed of a Nd2Fei4B intermetallic compound having a tetragonal 
structure and a viscous Nd-rich grain boundary phase (hereinafter, this magnet 
is called a "neodymium magnet (alloy)"). A typical example of the neodymium 
magnet is NEOMAX (product name) manufactured by Sumitomo Special Met- 
als Co., Ltd. 

[0077] By adopting the cutting method according to the first aspect of the 
present invention, a rare earth alloy can be cut efficiently with high precision. 
Therefore, small rare earth magnets (thickness: 0.5 mm to 3.0 mm, for exam- 
ple) for voice coil motors used for positioning a magnetic head, for example, 
can be manufactured efficiently with high precision. 

[0078] Next, the method for cutting a rare earth alloy and the method for 
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manufacturing a rare earth magnet according to the second aspect of the pre- 
sent invention will be described. 

[0079] The cutting of a rare earth alloy according to the second aspect of the 
present invention uses a sawing wire (an abrasive grain-fixed wire) with abra- 
sive grains (typically, diamond abrasive grains) fixed to a core wire (typically, a 
piano wire). The wire wound around a reel bobbin travels between a plurality 
of rollers, and a rare earth alloy (workpiece) is lowered to and pressed against 
the traveling wire to be cut into pieces. During the cutting, a coolant (second 
coolant) having water as the main component is supplied to the portion of the 
rare earth alloy to be cut with the wire. Also, a coolant (first coolant) having 
water as the main component is supplied to the portions of the wire wound 
around the reel bobbin and the portions of the wire traveling near the reel bob- 
bins. 

[0080] In an embodiment according to the second aspect of the present in- 
vention, a coolant is also supplied to the wire when it is wound around the reel 
bobbins. This reduces heat generation, as well as mechanical friction force, 
due to friction between adjacent wire windings on the reel bobbins. As a result, 
since the mechanical damage on the wire is reduced, degradation in cutting 
precision and cutting efficiency is suppressed, and the life of the wire is made 
longer. The coolant (second coolant) supplied to the cut portion and the way of 
supply of this coolant are preferably the same as those adopted in the em- 
bodiment according to the first aspect of the present invention. 
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[0081] The first coolant preferably has a coefficient of dynamic friction 
against a rare earth alloy at 25°C of 0.3 or less, more preferably 0.15 or less. 
The second coolant preferably has a coefficient of dynamic friction against a 
rare earth alloy at 25°C in the range o f 0.1 to 0.3. 

[0082] Although the first and second coolants usable for the cutting method 
of the present invention were specified by the coefficient of dynamic friction 
measured at 25°C, the temperature of the coolant when actually used is not 
limited to 25°C. To obtain the effect of the present invention, however, it is 
preferable to use the coolant temperature-controlled to fall within the range of 
15°C to 35°C, more preferably within the range of 20°C to 30°C, further more 
preferably within the range of 20°C to 25°C. 

[0083] By using the coolant having a coefficient of dynamic friction specified 
above, abnormal temperature rise of the wire is effectively prevented, and thus 
abnormal shedding of abrasive grains and snapping of the wire are effectively 
suppressed/prevented. As a result, degradation in machining precision is pre- 
vented, and also the life of the wire can be made longer than conventionally al- 
lowed. This enables reduction in manufacturing cost. 

[0084] The effect described above is applicable to both the first coolant sup- 
plied to the portions of the wire wound around the pair of reel bobbins and the 
portions traveling near the reel bobbins and the second coolant supplied to the 
cut portion. A common coolant may therefore be used as the first and second 
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coolants. Alternatively, the first coolant may have a viscosity higher than the 
second coolant so that the first coolant easily adheres to the portions of the 
wire wound around the reel bobbins or traveling near the reel bobbins. As the 
first and second coolants, a coolant having a viscosity in the range of 1 mPa-s 
to 50 mPa-s (kinematic viscosity : 1 mm 2 /s to 50 mm 2 /s) may be used. To en- 
hance the adhesion of the first coolant to the wire, a coolant having a viscosity 
of 5 mPa-s or more (kinematic viscosity : 5 mm 2 /s or more) is preferably used. 
The viscosity of the coolants can be adjusted by controlling the concentration of 
the lubricant mixed with water described above. 

[0085] The first coolant is not necessarily supplied through the entire cutting 
process, but may be supplied intermittently as long as the portions of the wire 
wound around the reel bobbins can be kept moistened with a sufficient amount 
of coolant. Note that a coolant containing water as the main component (in 
particular, one containing alkanolamine or the like) adversely affects a resin 
more greatly than an oil-base coolant. Therefore, the amount of the coolant is 
preferably as small as possible when a wire with abrasive grains fixed thereto 
via a resin layer is used. In consideration of this, the coolant is preferably sup- 
plied to the portions of the wire wound around the reel bobbins or traveling near 
the reel bobbins by spraying or dropping. Spraying is particularly preferable 
because this permits supply of only a small amount of coolant to the portions of 
the wire wound around the reel bobbins. The supply amount of the coolant 
may be appropriately determined depending on the type, length, travel speed, 
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and the like of the wire. For example, it may be in the range of 50 ml/min to 
500 ml/min. Note however that, if a sawing wire excellent in resistance against 
a water-base coolant, such as an electrodeposited wire (for example, a wire 
with abrasive grains fixed thereto via a Ni plating layer) is used, the entire reel 
bobbins may be immersed in the coolant. 

[0086] In the embodiments according to the first and second aspects of the 
present invention, each of the guide grooves formed in the polymer layer of 
each roller along which the wire travels may have a pair of slopes at least one 
of which has an angle equal to or more than 50 degrees with respect to the sur- 
face of the roller, which is a plane parallel with the axis of the roller. By adopt- 
ing this structure, the wire, which travels along a space between the pair of 
slopes, is suppressed from snapping that otherwise tends to occur when a 
coolant containing water as the main component is used. Naturally, both of the 
pair of slopes preferably have an angle equal to or more than 50 degrees with 
respect to the surface of the roller. The tension of the wire traveling between 
the rollers is preferably in the range between 25 N and 35 N. 

(Embodiment 1) 

[0087] Hereinafter, an embodiment of the method for cutting a rare earth al- 
loy of the present invention will be described in more detail with reference to 
the relevant drawings. In this embodiment, a method for cutting a neodymium 
magnet sintered body used for manufacture of the neodymium magnet de- 
scribed above will be described. 
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[0088] First, a method for manufacturing a neodymium (Nd-Fe-B) sintered 
magnet will be briefly described. A rare earth alloy as a magnet material can 
be produced by any of the methods disclosed in detail in U.S. Patent Nos. 
4,770,723 and 4,792,368 described above, for example. 

[0089] Material metals are exactly scaled at a predetermined ratio of mole 
fractions, and then melted in a crucible by a high-frequency induction melting 
method in vacuum or in an argon gas atmosphere. The molten material metals 
are cast into a water-cooled mold, thereby preparing a raw material alloy at the 
predetermined ratio. The raw material alloy is then pulverized to prepare fine 
powder having an average particle size of about 3 \im to about 4 \im. Subse- 
quently, the fine powder is put in a die assembly and subjected to press compact- 
ing in a magnetic field. This press compacting is performed after the fine powder 
has been mixed with a lubricant if necessary. The resultant compact is subjected 
to sintering at about 1000°C to about 1200°C, to form a neodymium magnet sin- 
tered body. Thereafter, an aging treatment is performed at about 600°C in order 
to increase the coercive force of the magnet. A rare earth sintered body can be 
prepared in this manner. The size of the sintered body is 30 mm x 50 mm x 50 
mm, for example. 

[0090] The resultant sintered body is subjected to a cutting process to form a 
plurality of thin plates (these plates will sometimes be called " substrates" and 
" wafers" ). The resultant thin plates of the sintered body are finished by grind- 
ing for adjustment of the size and shape, and then subjected to surface treatment 
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for improvement in long-term reliability. Magnetization is then performed, and, 
after passing through a testing process, a neodymium permanent magnet is 
completed. The magnetization may be performed before the cutting process. 

[0091] Hereinafter, the cutting method of the present invention will be de- 
scribed with reference to FIGS. 1 to 3. 

[0092] FIG. 1 schematically illustrates the construction of a wire-saw ma- 
chine 100 suitably used for implementing the method for cutting a rare earth 
alloy of the embodiment of the present invention. 

[0093] The wire-saw machine 100 has three main rollers 10a, 10b, and 10c 
and a pair of reel bobbins 40a and 40b. The main roller 10a placed under a 
reservoir 30 containing a coolant serves as a driver roller, and the main rollers 
10b and 10c placed on both sides of the reservoir 30 serve as follower rollers. 
A sawing wire 20 is let out from one reel bobbin 40a and wound around the 
other reel bobbin 40b, for example, and vice versa, traveling in alternate direc- 
tions (so called a double (shuttle)-driving method). A new portion of wire 20 can 
be supplied toward the reel bobbin 40a during the alternate travel of the wire 20 
by setting longer the time for which the wire is wound around the reel bobbin 
40a than the time for which the wire is wound around the reel bobbin 40b. The 
travel speed of the wire 20 is in the range of 600 m/min to 1500 m/min, for ex- 
ample, while the rate at which a new portion of wire is supplied is in the range 
of 1 m/min to 5 m/min, for example. 
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[0094] The wire 20 is arranged in 150 lines, for example, between the main 
rollers 10a, 10b, and 10c. To define the travel positions of the lines of the wire 
20, grooves (depth: about 0.6 mm, for example) for guiding the wire 20 are 
formed in a polymer layer (for example, an organic polymer layer such as a 
polyurethane rubber layer) formed on the surface of each of the main rollers 
10a, 10b, and 10c. The distance between the adjacent lines of the wire 20 is 
determined by the pitch of the guide grooves, which is in turn determined by 
the thickness of plates into which a workpiece is to be cut. An inorganic poly- 
mer layer made of a silicone elastomer or the like may also be used as the 
polymer layer. 

[0095] Traversers 42a and 42b are placed near the reel bobbins 40a and 
40b, respectively, for adjusting the reeling position. Five guide rollers 44 and 
one tension roller 46 are placed on the route from each of the reel bobbins 40a 
and 40b to the main roller 10a, for guiding the wire 20 and also adjusting the 
tension of the wire 20. The tension of the wire 20 is appropriately changed de- 
pending on various conditions (cut length, cutting rate, wire travel speed, and 
the like). For example, it is set in the range of 20 N to 40 N. 

[0096] A sintered body workpiece 50 produced as described above is placed 
in the wire-saw machine 100 in the following manner. 

[0097] A plurality of workpieces 50 are bonded to each other with an adhe- 
sive (not shown) made of an epoxy resin, for example, to be stacked one upon 
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the other forming a plurality of blocks. These blocks are secured to a ferrous 
work plate 54 with carbon base plates 52 interposed therebetween. The work 
plate 54, the blocks of workpieces 50, and the carbon base plates 52 are also 
bonded to one another with an adhesive (not shown). The carbon base plates 
52 are cut by the wire 20 after the workpieces 50 have been cut and until the 
work plate 54 stops lowering. That is to say, the carbon base plates 54 function 
as a dummy for protecting the work plate 54. 

[0098] In this embodiment, the size of each block is designed at about 100 
mm when measured in the travel direction of the wire 20. Therefore, in the illus- 
trated example, the length of the cutting with the wire 20 is about 200 mm. In this 
embodiment, the workpieces 50 are grouped into a plurality of blocks as de- 
scribed above. However, the size of the blocks when measured in the wire 
travel direction is variable with the surface tension of the coolant and the wire 
travel speed. The number and disposition of workpieces 50 making up one block 
are also variable with the size of each workpiece 50. Accordingly, the workpieces 
50 should be appropriately grouped into optimally-sized blocks in view of these 
factors. 

[0099] The workpieces 50 placed as described above are lowered by a lift 
provided with a motor 58 and pressed against the traveling wire 20 to be cut 
into pieces. The lowering speed of the workpieces 50 is set in the range of 20 
mm/hr to 50 mm/hr, for example, although it may change with the conditions. 
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[0100] The coolant stored in a coolant reservoir 60 is pumped out into piping 
63 with a discharge pump 62. The piping 63 is divided midway into lower pip- 
ing 64 and upper piping 66. The lower piping 64 and the upper piping 66 are 
provided with valves 63b and 63a, respectively, for regulating the flow of the 
coolant to the piping. The lower piping 64 communicates with a lower nozzle 
64a provided at the bottom of the reservoir 30 used for immersion of the cut 
portion. The upper piping 66 communicates with upper nozzles 66a, 66b, and 
66c for supply of the coolant from the opening of the reservoir 30 and upper 
nozzles 66d and 66e for cooling the main rollers 10b and 10c. 

[0101] The reservoir 30 receives supply of the coolant via the upper nozzles 
66a, 66b, and 66c and the lower nozzle 64a. At least during the cutting proc- 
ess, the coolant is kept overflowing from the opening of the reservoir 30 as 
shown by arrow F in FIG. 1. The coolant overflowing from the reservoir 30 is 
guided into a collection reservoir 72 with a collection pan 70 placed under the 
reservoir 30 and collected. The collected coolant is pumped out into the cool- 
ant reservoir 60 via circulation piping 76 with a discharge pump 74. A filter 78 
is placed somewhere in the circulation piping 76 for separating and removing 
saw dust in the collected coolant. The way of collection is not limited to that 
described above, but a mechanism for separating saw dust by use of a mag- 
netic force may be provided (see US Patent Application No. 09/662,136, for ex- 
ample). 

[0102] Referring to FIG. 2, the cutting process according to the present in- 
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vention will be described in more detail. 

[0103] The reservoir 30 has auxiliary walls 32 formed at the opening along 
the sidewalls thereof extending to cross the wire travel direction. The auxiliary 
walls 32 are made of a plastic plate (acrylic plate, for example) and placed 
close to the wire travel position when the wire is non-loaded, shown by the 
dashed line in FIG. 2. When the workpieces 50 are lowered and brought into 
contact with the wire 20 for cutting, the wire 20 is bent as shown by the solid 
line in FIG. 2, allowing the cut portion to be immersed in the coolant in the res- 
ervoir 30. As the wire 20 is more bent, the auxiliary walls 32 are cut deeper 
with the wire 20, forming slits. Once the cutting with the wire 20 reaches a 
steady state, the bending amount becomes constant. The wire 20 now contin- 
ues cutting the workpieces 50 while traveling through the slits formed in the 
auxiliary walls 32. In this way, the slits formed in the auxiliary walls 32 serve to 
regulate the travel positions of the lines of the wire 20 and contribute to stability 
of the machining precision. 

[0104] The reservoir 30 has a volume of about 35 liters (L), for example. 
During the cutting process, the coolant is supplied into the reservoir 30 via the 
lower nozzle 64a at a flow rate of about 30 L/min, and also supplied via the up- 
per nozzles 66a, 66b, and 66c at a flow rate of about 90 L/min, so that the 
coolant is kept overflowing from the opening of the reservoir 30. If only the 
supply of the coolant to the wire 20 is considered, the coolant does not neces- 
sarily overflow because the wire 20 is bent during the cutting as shown in FIG. 
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2. However, in order to enhance the discharge efficiency of saw dust, the con- 
struction described above is preferably adopted for the neodymium magnet sin- 
tered body in this embodiment. 

[0105] To enhance the discharge efficiency of saw dust, it is effective to re- 
duce the amount of saw dust contained in the coolant in the vicinity of the cut 
portion. To ensure sufficient discharge efficiency, the coolant preferably over- 
flows the reservoir by 50% of the volume of the reservoir per one minute. A 
fresh coolant is preferably supplied more from the opening of the reservoir 30 
than from the bottom thereof. Since the low-Viscosity coolant containing water 
as the main component is used, saw dust released into the coolant easily settle 
down. If the coolant is supplied from the bottom of the reservoir 30 in a larger 
amount, the settling saw dust will be disadvantageously forced upward to float 
in the vicinity of the cut portion. 

[0106] In order to increase the proportion of a fresh coolant supplied from the 
opening in the vicinity of the cut portion, it is preferable to increase the amount of 
coolant in the area of the reservoir 30 above the position of the traveling wire 20. 
Specifically, by supplying a fresh coolant from the opening of the reservoir 30, in 
addition to from the bottom thereof, and keeping the coolant overflowing from the 
opening, it is possible to reduce the amount of saw dust in the coolant supplied to 
the cut portion. Moreover, by a flow of the coolant supplied from the opening of 
the reservoir 30, saw dust attaching to the wire 20 can be automatically 
washed away. 
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[0107] The auxiliary walls 32 excluding the slits formed by the wire 20 function 
as sidewalls of the reservoir 30, whereby the liquid level S of the coolant is kept in 
the raised state. Curtain-like flows are formed by the coolant supplied from the 
nozzles 66b and 66c on the sides of the opening of the reservoir 30 crossing the 
wire travel direction, so that the coolant is suppressed from overflowing from the 
opening of the reservoir 30 and thus the liquid level S of the coolant swells higher 
than the auxiliary walls 32 of the reservoir 30. As a result, a larger amount of 
coolant is supplied surrounding the cut portion, and thus the amount of saw dust 
in the coolant can be further reduced. The delivery pressure for formation of the 
coolant flows described above is preferably in the range of 0.2 MPa (2 kgf/cm 2 ) to 
1.0 MPa (10 kgf/cm 2 ), more preferably in the range of 0.4 MPa (4 kgf/cm 2 ) to 0.6 
MPa (6 kgf/cm 2 ). If the delivery pressure is below the above range, a sufficient 
effect may not be obtained. If it exceeds the above range, the wire 20 may be 
wobbled, and as a result, the machining precision may be degraded. 

[0108] Preferably, the coolant is also supplied to the main rollers 10b and 10c 
that regulate the travel positions of the wire 20. By the supply of the coolant to 
the main rollers 10b and 10c, the polymer layer (for example, a polyurethane 
layer) having the grooves for guiding the lines of the wire 20, which is formed on 
the surface of each of the main rollers 10b and 10c, is suppressed from tempera- 
ture rise. In addition, saw dust (or sludge) attaching to or staying on the wire 20 
or the guide grooves can be washed away. This prevents the wire travel posi- 
tion from deviating and the wire 20 from slipping off the groove. This also pro- 



35 



vides the effect of improving the discharge efficiency. 

[0109] Examples of the surfactant added to the coolant containing water as 
the main component include: as anionic types, fatty acid derivatives such as 
fatty acid soap and naphthenic acid soap, sulfuric esters such as long-chain 
alcohol sulfuric esters and sulfonated oils of animal and vegetable oils, and sul- 
fonic acids such as petroleum sulfonates; and as nonionic types, polyoxyethyl- 
enes such as polyoxyethylene alkylphenyl ethers and polyoxyethylene mono- 
fatty acid esters, polyalcohols such as sorbitan mono-fatty acid esters, and al- 
kylolamides such as fatty acid diethanol amides. Specifically, by adding about 
2 wt.% of chemical solution type JP-0497N (manufactured by Castrol Ltd.) to 
water, the surface tension and the coefficient of dynamic friction can be ad- 
justed to fall within respective predetermined ranges. 

[0110] Examples of the synthetic lubricant include synthetic solution type, 
synthetic emulsion type, and synthetic soluble type lubricants. Among these, a 
synthetic solution type lubricant is preferable. Specifically, SYNTILO 9954 
(manufactured by Castrol Ltd.) and #830 and #870 (manufactured by Yushiro 
Chemical Industry Co., Ltd.) can be used. In either case, by adding about 2 
wt.% to 10 wt.% of the lubricant to water, the surface tension (or the coefficient 
of dynamic friction) can be adjusted to fall within a preferable range. 

[0111] Corrosion of a rare earth alloy can be prevented by adding an anticor- 
rosive. In particular, in the cutting of a R-Fe-B rare earth alloy, the pH is prefera- 



36 



bly set at 8 to 11, more preferably 9 or more. Examples of the anticorrosive in- 
clude: as organic types, carboxylates such as oleates and benzoates and amines 
such as triethanol amines; and as inorganic types, phosphates, bonates, molyb- 
dates, tungstates, and carbonates. 

[0112] As a nonferrous metal anticorrosive, a nitride compound such as 
benztriazole may be used. As an antiseptic, a formaldehyde donator such as 
hexahydrotriazine may be used. 

[0113] As the antifoaming agent, a silicone emulsion may be used. The ad- 
dition of the antifoaming agent has effects of reducing foaming of the coolant, 
improving the infiltration of the coolant, improving the cooling effect, preventing 
temperature rise at the wire 20, and reducing the tendency to abnormal tem- 
perature rise and abnormal friction of the wire 20. 

[0114] Referring to FIG. 3, the structure of the sawing wire 20 suitably used 
in this embodiment will be described. Note that in FIG. 3, the lower half of the 
wire 20 with respect to the centerline shown by the one-dot chain line is simpli- 
fied. 

[0115] As the wire 20, suitably used is a wire with diamond abrasive grains 
24 fixed to the outer circumference of a core wire (piano wire) 22 via a resin 
layer 26. As the resin, a phenol resin, an epoxy resin, or a polyimide resin is 
preferably used. These resins are high in adhesion strength to the outer cir- 
cumference of the piano wire (hard steel wire), and also excellent in wettability 
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(infiltration) for the coolant described above. 

[0116] A preferred example of the wire 20 is a wire having an outer diameter 
of 0.24 mm with diamond abrasive grains having an average particle size of 
about 45 u m fixed to the outer circumference of the piano wire 22 having a di- 
ameter of about 0.18 mm via the resin layer 26 made of a phenol resin. From 
the standpoint of the cutting efficiency and discharge efficiency of saw dust 
(sludge), the average distance between the adjacent abrasive grains in the wire 
travel direction (axial direction; direction parallel to the one-dot chain line in FIG. 
3) is preferably in the range of 150% to 600% of the average particle size D of 
the abrasive grains. In particular, preferably, abrasive grains having a small 
average particle size D are placed at the average inter-grain distance in the 
range of 1 50% to 400% of the average particle size D of the abrasive grains. 
By this placement, the load on the individual abrasive grains can be reduced. 
The average height of the portions of the abrasive grains protruding from the 
surface of the phenol resin layer 26 is preferably in the range of 10 p m to 40 
p m. The resultant wire 20 has appropriately sized spaces 28 (also called 
" chip pockets" ) between the abrasive grains 22, which contribute to provid- 
ing good cutting efficiency and good discharge efficiency. 

(Embodiment 2) 

[0117] A method for cutting a rare earth alloy of Embodiment 2 of the present 
invention will be described with reference to FIG. 4. 
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[0118] FIG. 4 schematically illustrates the construction of a wire-saw ma- 
chine 200 suitably used for implementing the method for cutting a rare earth 
alloy of Embodiment 2 of the present invention. 

[0119] The wire-saw machine 200 includes sprayers 80a and 80b for supply- 
ing the coolant to the portions of the wire 20 wound around the reel bobbins 
40a and 40b, respectively, in addition to the components of the wire-saw ma- 
chine 100 of Embodiment 1. In this embodiment, since the wire 20 with abra- 
sive grains fixed thereto with a resin is used, spraying is adopted for effective 
supply of a small amount of coolant to the wire 20. 

[0120] As shown in FIG. 5, for example, a coolant (200 ml/min, for example) 
and an air (0.4 MPa, for example) are sent to a spray nozzle of the sprayer 80a, 
80b so that the coolant can be sprayed over the entire portion of the wire 20 
wound around the reel bobbin 40a, 40b (core outer diameter: 170 mm, height: 
340 mm, for example). As the coolant, the coolant stored in the coolant reser- 
voir 60, which will be described later, is commonly used, and is pumped out 
into the sprayers 80a and 80b via piping with a discharge pump. Alternatively, 
a coolant different from that supplied to the cut portion may be used by provid- 
ing a separate coolant reservoir for supplying the coolant to the sprayers 80a 
and 80b. 

[0121] The area in which the coolant is sprayed may be restricted to reduce 
damage to the wire by the coolant and/or reduce the amount of the coolant 
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used. There may be provided a mechanism for selectively supplying the cool- 
ant to the area in which the winding (or unwinding) operation is underway and 
thus friction between adjacent windings of the wire 20 is generated, in synchro- 
nous with the movement of the traverser 42a, 42b shown in FIG. 4. Especially 
the abrasive grains of wire 20 damage the resin layer of the wire 20 by the fric- 
tion. As described in Embodiment 1, the wire 20 travels in alternate directions. 
Therefore, a strong tension is generated to the wire 20 when the traveling di- 
rection is reversed. 

[0122] The means for supplying the coolant is not limited to the illustrated 
sprayers 80a and 80b, but dropping devices and the like may be used. When a 
comparatively large amount of coolant is to be supplied, a collection pan may 
be provided under each of the reel bobbins 40a and 40b for collection and re- 
use of an excess coolant. A filter and/or a magnetic separator are preferably 
provided on the collection route of the coolant to separate and remove saw 
dust contained in the collected coolant. 

[0123] In this embodiment, the coolant was sprayed over the wire after being 
wound around the reel bobbin. Alternatively, the coolant may be supplied to 
the wire immediately before being wound around the reel bobbin. When at 
least one of two windings of the wire coming into contact with each other is wet, 
damage to abrasive grains fixed thereto can be reduced. 

[0124] The damage caused by mutual friction between adjacent windings of 
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the wire 20 also depends on the tension of the wire 20. Therefore, a mecha- 
nism is preferably provided for reducing the tension at the winding of the wire 
20 around the reel bobbin 40a, 40b. As the mechanism for reducing the wind- 
ing tension, mechanisms disclosed in Japanese Laid-Open Patent Publication 
Nos. 9-29607, 9-314548, 10-166353, and 10-277914 may be used. The wind- 
ing tension at the reel bobbins 40a and 40b is preferably 15 N or less. To 
avoid the wound wire on the reel bobbins 40a and 40b from getting out or order 
by sagging or slipping down, the winding tension is preferably 4N or more. If it 
is less than 4N, the resin may rather come off. 

[0125] Using the wire-saw machine 200 described above, the neodymium 
magnet alloy was actually cut with a wire manufactured by Allied Material Corp. 
satisfying the specifications discussed in Embodiment 1, and the effect of the 
cutting was examined. The cutting was performed with the wire traveling in the 
opposite directions alternately under the conditions of the maximum travel 
speed of 1100 m/min, a tension of 30 N, a cutting rate of 40 mm/hour, and a 
fresh wire supply rate of 2 m/min, using an aqueous solution (temperature: 
23°C) of about 10% of #830 manufactured by Yushiro Chemical Industry Co., 
Ltd. as the coolant sprayed to the reel bobbins at a supply rate of 200 ml/min. 
As a result, the amount of abrasive grains and the proportion of the resin layer 
that had come off during the operation reduced to about one-third of those ob- 
served when no coolant was sprayed to the reel bobbins 40a and 40b (wire 
length: 38 km). Substantially the same results were obtained when the con- 
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centration of Yushiro #830 was adjusted to obtain a coolant having a coefficient 
of dynamic friction of 0.1 to 0.13, a surface tension of 33 to 36 mN/m, and a 
viscosity of 1 to 4 mPas (kinematic viscosity of 1 to 4 mm 2 /s). 

[0126] As described above, in Embodiment 2, the life of the wire can be 
made longer when used in the wire-saw machine for cutting a rare earth alloy 
using the coolant containing water as the main component. Although the opti- 
mum effect can be attained by combining the feature of this embodiment with 
the cutting method of Embodiment 1 , the supply of the coolant to the cut por- 
tion may be performed in a different way. 

[0127] Hereinafter, a preferred structure of the main rollers 10a, 10b, and 
10c of the wire-saw machine 100 of Embodiment 1 and the wire-saw machine 
200 of Embodiment 2 will be described. 

[0128] When the coolant containing water as the main component is used, 
the rate of wire snapping is high, that is, the wire tends to snap in a short time, 
compared with when an oil-base coolant is used. From the results of an ex- 
amination in various aspects, the reason is considered as follows. A water- 
base coolant is low in lubrication compared with an oil-base coolant, and there- 
fore, fails to sufficiently reduce the friction between the wire and the slopes of 
the guide grooves of the rollers. The abrasive grains might bite the surface of 
the slopes of the guide grooves of the rollers. As a result, torsion is applied to 
the wire. 
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[0129] The snapping of the wire 20 can be suppressed by adopting the fol- 
lowing construction. FIG. 6 diagrammatically shows a cross-sectional shape of 
a guide groove 10G formed in a polymer layer 10P of the roller 10a, where a 
pair of slopes 10S of the guide groove 10G have an angle (tilt angle) of 50 de- 
grees or more with respect to a surface 10T of the roller 10a. As illustrated, 
both the slopes 10S constituting the guide groove 10G preferably have an an- 
gle of 50 degrees or more with respect to the surface 10T of the roller 10a. 
However, the effect of suppressing occurrence of snapping can be obtained as 
long as at least one of the slopes 10S has an angle of 50 degrees or more with 
respect to the surface 10T. 

[0130] On the contrary, the conventional roller adopts a construction as 
shown in FIG. 7, for example, in which the slopes 10S of the guide groove 10G 
have an angle of 45 degrees or less with respect to the surface of the roller. A 
rare earth alloy, which has the main phase causing brittle fracture and the grain 
boundary phase causing ductile fracture, is high in cutting resistance. Also, 
since a rare earth alloy is large in specific gravity, the discharge efficiency of 
saw dust (or sludge) thereof is poor. For these reasons, this construction is 
conventionally adopted to ensure efficient and sufficient discharge of sludge 
from the guide groove 10G. However, in the guide groove 10G of which the 
slopes 10S have a tilt angle of 45 degrees or less, large friction is generated 
between the slopes 10S and the wire 20, and this tends to cause snapping of 
the wire 20. Especially, in the case where the wire 20 travels in alternate direc- 
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tions, a strong tension is generated to the wire 20 when the traveling direction 
is reversed. 

[0131] The number of times of snapping of the wire was evaluated using the 
wire-saw machine 100 for sets of the rollers 10a, 10b, and 10c different in the 
tilt angle of the slopes 10S. A polyurethane rubber layer was used as the 
polymer layer 10P, and an aqueous solution of about 10% of Yushiro #830 was 
used as the coolant. Workpieces of the rare earth sintered magnet used in 
Embodiment 1 were cut continuously for 300 hours, and the number of times 
the wire 20 snapped during this operation was measured. The results are 
shown in Table 1 below as the relationship between the tilt angle of the slope 
10S and the number of times of snapping. 



Table 1 



Tilt angle of slope (degree) 


30 


40 


50 


55 


60 


65 


70 


80 


Number of times of snapping 


12 


11 


3 


3 


3 


3 


4 


5 



[0132] As is found from Table 1 , the number of times of snapping is reduced 
by setting the tilt angle of the slopes 10S of the guide groove 10Q at 50 de- 
grees or more. This is presumably because the torsion applied to the wire 20 
due to friction between the slopes 10S and the wire 20 decreases when the tilt 
angle is 50 degrees or more. The number of times of snapping tends to slightly 
increase when the tilt angle is 70 degrees or more, presumably because the 
discharge efficiency of sludge decreases. From the results of this experiment, 
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it is found that the tilt angle of the slopes 10S of the guide groove 10G is pref- 
erably in the range between 50 degrees and 80 degrees, more preferably in the 
range between 50 degrees and 65 degrees. If the tilt angle exceeds 80 de- 
grees, the possibility that the wire 20 comes off the guide groove 10G in- 
creases. The guide groove 10G preferably has a curved bottom 10B having a 
radius of curvature slightly smaller than the radius of the wire 20. 

[0133] The number of times the wire 20 snaps also depends on the tension 
of the wire 20 traveling between the rollers. Table 1 above shows the results 
obtained when the tension of the wire 20 is 30 N. Substantially the same re- 
sults are obtained when the tension of the wire 20 is in the range between 25 N 
and 35 N. 

[0134] Thus, according to the present invention, provided is the method for 
cutting a rare earth alloy with the abrasive grain-fixed wire, which can be real- 
ized by using a coolant containing water as the main component. Also, accord- 
ing to the present invention, the life of the wire can be made longer by reducing 
damage to the abrasive grains fixed to the wire and the wire itself. Moreover, 
according to the present invention, the wire-saw machine suitably used for the 
cutting method described above is provided. 

[0135] By employing the cutting method of the present invention, a rare 
earth alloy can be cut with high machining precision with a smaller cutting mar- 
gin. Therefore, loss of expensive materials for the rare earth metal alloy can be 
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minimized. In addition, recycling of the coolant can be easily realized, which is 
friendly to the environment and also decreases the cost for disposal of liquid 
waste. This permits reduction of the cost for machining the rare earth metal 
alloy, and thus, realizes low-cost manufacture of cut products of the alloy, such 
as rare earth magnets used for voice coil motors for positioning a magnetic 
head. 

[0136] Although the wire-saw machines 100 and 200 are exemplified in the 
above Embodiments, the present invention may be applied to an endless-type 
wire-saw machine which employs a single reel bobbin (see Japanese Laid- 
Open Patent Publication No. 1 1-198018, for example). 

[0137] While the present invention has been described in a preferred em- 
bodiment, it will be apparent to those skilled in the art that the disclosed inven- 
tion may be modified in numerous ways and may assume many embodiments 
other than that specifically set out and described above. Accordingly, it is in- 
tended by the appended claims to cover all modifications of the invention that 
fall within the true spirit and scope of the invention. 
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